The effect of different types of conditioners used during tungsten chemical mechanical planarization (CMP) on frictional, thermal, and kinetic aspects of the process was investigated. Based on previous work, regarding the effect of conditioner type and downforce on the evolution of pad surface micro-texture during break-in, two significantly different discs were employed (i.e. conventional vs. CVDcoated). First, mini-marathon style tungsten CMP runs were conducted for each disc. These were followed by tungsten polishing at various pressures and velocities. Pad samples were extracted before and after the mini-marathon polishing runs for confocal microscopy (CM) analysis of their surface micro-texture. Compared to the CVD-coated disc, the more aggressive conventional disc produced summits that were 60 percent taller and 50 percent sharper. It also caused for contact density to be more than four times higher likely due to the many more pad fragments that it generated. Consequentially, the surface micro-texture generated by the conventional disc produced a 50 percent higher directivity and a 60 percent higher removal rate. For both discs, we found that mechanical effects were rate-limiting for tungsten removal. The conventional disc resulted in a Preston's constant that was 24 percent higher than its CVD counterpart owing to its more aggressive nature and pad surface micro-texture that it generated.
Chemical mechanical planarization (CMP) is the de facto technology in IC manufacturing for achieving economically-viable global and local planarity across the entire wafer surface. During CMP, a rotating wafer is pressed onto a rotating polyurethane pad. A slurry, containing chemicals and abrasive nanoparticles, is then injected on top of the pad and transported to the pad-wafer interface through a combination of polisher kinematics and centrifugal forces aided by the pores and grooves on the pad surface. When done properly, threebody contact caused by the pad surface asperities, slurry abrasives nanoparticles and the wafer surface lead to the uniform removal of material from the wafer surface. 1 As polishing proceeds, the pad surface undergoes plastic deformation which causes changes in the height, radius of curvature and density of its asperities. Such a degradation in surface micro-texture, coupled with the buildup of pad fragments and polishing by-products on the surface, leads to inconsistent withinwafer and wafer-to-wafer polishing outcomes thus precipitating the need for conditioning. 1 During conditioning, a rotating disc having synthetic diamonds (or other types of engineered protruding sharp features) on its surface is pressed on, and brought into contact with, the pad in a similar manner as the wafer during polishing. When conditioning is performed in unison with polishing, the process is referred to as in-situ conditioning. In addition to the conditioning disc being used in-situ to maintain a steady polishing process, it is also used to break-in a brand-new pad. This is due to the fact that after the pad is first installed, its micro-texture is not adequate to support the stringent demands of modern CMP processes. Conditioning is therefore implemented to break-in the pad for tens of minutes prior to polishing. 2 An impressive body of previous work has demonstrated the importance of pad surface micro-texture in CMP. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Once a pad has been selected, variables that can affect pad micro-texture during break-in are conditioner type, conditioning downforce, pad break-in time, the conditioning kinematics (i.e. sweep schedule and rotation rate of the z E-mail: marisca2@email.arizona.edu disc) and the type of chemicals used during the break-in process. 6, [10] [11] [12] [13] [14] In CMP, for economic reasons, the break-in process typically relies on the use of ultra-pure water (UPW) rather than some type of a slurry. Additionally, there are many "knobs" that can be used to adjust the kinematics of the disc itself.
This study is the second in a series of three undertakings. In Part I, we reported on a study involving the break-in of 4 brand-new pads with different conditioning discs (3M and Morgan Advanced Materials) at different downforces, giving a total of four different experimental conditions. 15 Pad samples were extracted at different times throughout the break-in process and analyzed using confocal microscopy in both topographic and contact modes. Resultant images were then analyzed to gain insight into summit height distribution, mean summit height, mean summit curvature, percentage contact area and contact density. Each experimental case resulted in different micro-texture evolution paths during break-in. However, in general, the 3M disc produced many more pad "fragments" compared to the Morgan Advanced Materials (MGAM) disc due to the vast difference that existed between the 2 discs such as diamond sharpness, number of active diamonds and furrow depth. It was concluded that the 3M disc was much more aggressive than the MGAM disc, as evidenced by the micro-texture results. Due to this difference in aggressiveness between the two discs, the visibility into the pores of the pad was greatly obscured by the pad fragments that the 3M disc generated.
Following our initial study, here in "Part II" we focus our attention on the tribological, thermal, kinetic and micro-textural aspects of tungsten CMP performed with the same 2 types of conditioning discs. For each disc, after subjecting several tens of blanket tungsten wafers to mini-marathons, we proceed to polish twelve additional blanket wafers at multiple pressures and sliding velocities in an effort to gain further fundamental understanding of the process from both experimental and theoretical points-of-view. Finally, in "Part III", we plan to report on the results of the mini-marathons noted above where we explain the trends in removal rate, coefficient of friction, pad surface P3176
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temperature and pad-micro-texture in terms of the theories developed and validated in "Part II".
Experimental Apparati and Procedure
An Araca APD-800 polisher and tribometer was used to perform all break-in and polishing experiments. The APD-800 is a singleplaten research and development polisher and tribometer designed to process substrates measuring up to 300 mm in diameter. The APD-800 is equipped with signal acquisition hardware such as direction-dependent load cells, as well as Araca Inc.'s FSX-800 proprietary signal analysis software. This feature provides the unique ability to acquire accurate real-time shear force and down force measurements. Additionally, the APD-800 also contains a single-point infrared (IR) temperature sensor used for measuring real-time pad surface temperature data during polishing. On this tool, the non-oscillating counterclockwise wafer carrier and its drive mechanism sit on a friction table attached to the frame. A load cell connected to the table measures the main component F y of the friction force vector. This component runs perpendicular to the line connecting the platen and carrier centers. The radial component F x of the friction force is not measured but is known to be small from experiments on a similar 200 mm tool. 16 The head does not use a contact retaining ring. Instead, a non-contact wafer backing film attached to a water-filled template holds the wafer. The platen and its drive mechanism sit on four load cells that monitor the total force F z transmitted by the wafer to the pad. This includes both the applied load and any fluid forces that develop in the interface. All forces are measured at 1,000 Hz. There is no feedback between the normal force load cells and the carrier. Inside of the carrier, behind the wafer, there is an air chamber that applies the polishing force. An electro-pneumatic transducing regulator controls the chamber pressure. Pressure adjustments can occur but are much slower than the force acquisition frequency. The applied load is periodically checked and calibrated on a static platen. A more detailed description of the 300-mm wafer polishing system can be found elsewhere.
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Two brand-new IC1000 K-grooved pads with Suba IV sub-pads (all from the same batch used in "Part I" and manufactured by Dow Electronic Materials) having a diameter of 775 mm were broken-in with the same two diamond conditioning discs used in "Part I". We used a conventional 3M A165 CIP diamond disc at a downforce of 10 lb f for 15 mins to break-in the first pad. The second pad was broken-in with a CVD-coated Morgan Advanced Materials (MGAM) 4S845P4F5 disc also at 10 lb f , but this time for 30 mins. The specific values of downforce and break-in time were selected based on the results obtained in "Part I". 15 During break-in, the disc and the platen rotated counterclockwise at 95 and 45 RPM, respectively. Each disc followed a sinusoidal sweep schedule in which the disc swept across the pad 10 times per min. UPW was injected near the pad center at a flowrate of 250 mL/min. For each case, a pad sample was extracted from the center of the wafer track after break-in as well as after the mini-marathon (but before we embarked on the 12-wafer study noted above). The dimension of each extracted sample was approximately 2 × 2 cm 2 . Topographic images of the pad surface land areas between two grooves were then acquired using a Zeiss 880 LSM laser scanning confocal microscope. Eight contiguous and non-overlapping images, with a field of view of 425 × 425 μm 2 , were taken from each extracted pad sample and stitched together to form one image covering a total land area of 3,400 × 425 μm 2 . These stitched images were then used to analyze the topography of the pad surface micro-texture through pad surface height probability density functions (PDFs), mean summit height and mean Gaussian curvature of the summits.
In addition to topographic images, confocal microscopy was used to acquire pad surface contact area images. To do so, pad samples were placed with the polished side facing down against a sapphire window in a customized (for CMP applications) sample stage. This was done in order to apply a known downforce to the back of the pad sample, therefore creating a CMP-relevant applied pressure of 4 PSI on the sample. Eight contiguous and non-overlapping images, with a field of view of 425 × 425 μm 2 , were taken in approximately the same location as the topographic images. Again, the images were stitched together to form one 3,400 × 425 μm 2 image. Contact area percentage and contact density were then acquired from these stitched images. A more detailed description of the experimental apparatus and the myriad procedures used in our tests can be found in our previous work. [8] [9] [13] [14] [15] Further details about the methods used by our group for both topography and contact area analysis can also be found elsewhere. 8, 9 Following pad break-in, for each case, five dummy tungsten wafers (200-mm in diameter) were polished for 1 min each at 2.5 PSI and 1.8 m/s using the Cabot Microelectronics W7801 slurry mixed with hydrogen peroxide and UPW as per the manufacture's mixing specification. This ensured a "seasoned", or developed, pad surface. After "seasoning", for the 3M disc's mini-marathon, we proceeded to polish 25 200-mm blanket tungsten wafers at 2.5 PSI and 1.8 m/s (each for 1 minute). This was done to further ensure that quasi steady-state processing conditions had been reached. Next, we embarked on polishing an additional twelve 200-mm blanket tungsten wafers (for 1 min each) at 12 combinations of pressure and velocity. The pressures chosen were 1.8, 2.5, and 3.2 PSI, while the sliding velocities used were 1.0, 1.4, 1.8 and 2.0 m/s. For the MGAM disc, the mini-marathon involved 50 blanket 200-mm tungsten wafers polished (for 1 min each) at 2.5 PSI and 1.8 m/s followed by 12 1-min polishes at the same 12 combinations of pressure and velocity. The reason for polishing 50 wafers in the case of the MGAM disc (as opposed to 25 wafers with the 3M disc) will be described in the next section. In all cases, slurry flow rate was maintained at 200 ml/min.
Results and Discussion
Pad micro-texture results.- Fig. 1 shows the summit height probability density function (PDF) plots that were constructed from the topographic confocal microscopy images before, and after, the 25 (or 50) wafer polishing runs. For the sake of brevity, the images are not shown here, however, our method of analysis was the same as that used and reported in Part I. 15 In Fig. 1 , the right-hand tail of the curve represents the highest parts of the surface (e.g. asperities) while the left-hand tail represents the pores. 8 The overall shape and the slope of the respective tails are important for the analysis of the PDF curves. For the left-hand tail, a narrow PDF curve and a steep slope indicates that some of the pores have become covered or filled due to partially collapsed asperities, plastic deformation, and pad fragment generation. We can see that pore obscuration, for the 3M disc, actually diminishes after polishing 25 wafers (the left-hand tail becomes broader and less steep). This is likely due to the fact that the traversing and rotating action of the disc, in conjunction with the rotation action of the wafer carrier, is enough to remove some of the loosely attached pad fragments that get generated during in-situ conditioning. With the MGAM disc, there is no evidence of pore obscuration before and after polishing 50 wafers owing to the gentle conditioning action of the MGAM disc. Now, focusing on the right-hand tail of the PDF curves, a broad curve with a small slope is indicative of a pad with larger asperities protruding from its surface. When the 3M disc is used, there is significant peak broadening after the 25-wafer polishing. This is most likely due to the generation of large pad fragments which get counted as "artificial" asperities. As for the pad conditioned with the MGAM disc, there is little to no change in the right-hand tails of the curves before and after 50-wafer polishing. Again, this is indicative of the gentle shaving action of the disc discussed extensively in Part I. 15 The pad surfaces were further analyzed by extracting the mean summit height and mean summit curvature from the topographic images, also using the same analysis methods reported in Part I. 15 These metrics are shown in Table I . With the precision of our method for measuring mean summit height being around ±2 μm, for both discs, there seems to be no change in mean summit heights before and after polishing 25 (or 50) wafers. However, when the 3M disc is used, mean summit heights are nearly twice as large compared to those associated with MGAM. The higher summits are due to the aggressive nature of the 3M disc with its sharp diamonds that protrude nearly 30 times deeper into the pad matrix resulting in pad cut rates that are 3
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1.E-01 times larger. 15 The 3M disc also produces mean summit curvatures that are on average twice those compared to MGAM (higher mean summit curvatures indicate sharper asperities). Whether the mean summit curvature remains steady throughout polishing for both discs is difficult to assess due to the fact that the precision of our method for assessing mean summit curvature is ±50 1/μm 2 . Our analysis of the contact images is summarized in Table II . Contact area fractions for all 4 cases are similar to one another (all are below 0.05 percent). However, the contact density produced by the 3M disc, is greater (by a factor of 4) than that of MGAM. This is likely due to the large pad fragments that are generated by the disc. Such small contact area fractions generated by both discs are likely due to relative sharpness of pad asperities produced by both discs which result in much smaller contacting points. It should be noted that the precision of our method for measuring contact density and contact area fraction are ±50 1/mm 2 and ±0.05 percent, respectively. 13, 14 Thermal and tribological results.-The mean COF values for all polishing conditions are plotted in Fig. 2 as a function of P × V. On average, COF values are notably lower (0.343 to 0.394) for the pad conditioned with the MGAM disc as compared to 3M (0.412 to 0.520). For a given sliding velocity, average COF increases dramatically with pressure. However, in the case of the MGAM disc, COF seems to be independent of pressure at the higher velocities. On the other hand, for a given pressure, for all cases, average COF decreases dramatically with sliding velocity. We believe that the larger, sharper, and more protruding diamonds on the 3M disc to be overwhelmingly the most significant parameter that justify the overall higher values of COF. The aggressive nature of the 3M disc diamonds allows for the generation of significantly taller and sharper asperities (which are less likely to become lubricated) as compared to the surface conditioned by the MGAM disc as elaborated in Tables I and II as well as in Fig. 2 . Additionally, while the contact areas calculated in all cases are similar (i.e. <0.05 percent), the pad conditioned with the 3M disc has more than four times the number of contacting summits as compared to the pad conditioned with MGAM which is sure to provide a greater mechanical tooth action. Mean pad surface temperature trends (Fig. 3) are consistent with the COF data in that, as a whole, the process using the 3M disc results in the highest set of temperatures (26.5 to 35.5°C) as compared to the one with MGAM (26.1 to 32.6°C). As expected, in both cases, average pad surface temperature increases consistently with P × V as the latter is representative of the power input to the polisher.
Regarding the tribological mechanism(s) involved in polishing, Stribeck curves (Fig. 4) , which are log-log plots of the mean COF as a function of pseudo-Sommerfeld number (represented by V/P), show "boundary lubrication" to be the dominant mechanism with both discs. This is based on the fact that mean COF values remain relatively high and drops only slightly with increasing values of V/P. Results from of the respective Stribeck+ curves (obtained during our experiments, but not shown in this paper for the sake of brevity) are nearly identical to their Stribeck curve counterparts. Moreover, they show the absence of any anomalous tribological behavior in between discrete polishing conditions. Directivity results.-We have recently reported on the utility of a new parameter, called directivity, , to better understand certain process fundamentals and to rapidly assess polishing performance in various CMP processes. 18 Directivity, which is a parameter borrowed from the art of making, and the science of testing, violins is worth some digression here: The directionality of sound radiation for violins is critical. As the violin is being played, represents the variance of pressures exerted on the top plate of a violin divided by the variance of pressures on its bottom plate. 19 This parameter has been successfully used by acoustics experts as a measure of directional sound radiation. [19] [20] [21] Values close to unity represent isotropic and omnidirectional sound which is suitable for listeners in close quarters where the soundscape can be intense and detailed. On the other hand, values higher than one indicate that the violin's sound can be heard over many other instruments and reach listeners seated far away. It is the presence of this asymmetry in pressure variances on the top and bottom plates (which manifest themselves into uneven 3-dimensional plate vibrations) and the resulting anisotropy in sound radiation at moderate to high frequencies that continues to inspire us to investigate whether a parallel metric exists in CMP that can be beneficially exploited. Given the fact that our polisher is capable of successfully measuring forces in both directions at high frequencies, below we set out to measure this CMP-specific parameter which we have defined as the ratio of the variance of shear force to that of normal force in order to show its possible benefits for analyzing CMP process. In this paper, we first apply to create companion plots to Stribeck curves by plotting it (on a linear scale) vs. the pseudo-Sommerfeld number (also on a linear scale) as shown in Fig. 5 and discussed below. Next, we use (which is a relatively easy and nearly instantaneous parameter to extract provided the polisher is instrumented with normal and shear force transducers) and correlate it with tungsten blanket wafer removal rates (which can be quite an expensive and time-consuming endeavor) as further discussed later in "Removal Rate Results" section as well as in Fig. 11 .
The values of for all polishing conditions are plotted on a linear scale as a function of V/P (Fig. 5) . Each symbol represents the ratio of variances measured from a total of 60,000 shear force data to their 60,000 normal force counterparts. On average, values are higher (0.218 to 1.653) for the pad conditioned with the 3M disc as compared to MGAM (0.203 to 0.908). Moreover, in both cases, directivities drop as sliding velocities are increased and pressures are decreased (i.e. as pseudo-Sommerfeld numbers rise). This is expected since it is well known that stick-slip events diminish at higher pseudo-Sommerfeld numbers. 22 Across the parameter space investigated, the drop in is 8-fold for the process using the 3M disc and 5-fold for the MGAM. At the lowest pseudo-Sommerfeld number, shear force variances dominate over normal force variances (or are, at best, nearly matched) while at the highest pseudo-Sommerfeld number, the order is reversed such that normal force variances dominate over shear force variances by appx. 5:1. While it may not be obvious from Fig. 5 (since the pseudoSommerfeld number is a parameter that lumps together pressure and velocity), is a stronger function of pressure than it is of sliding velocity as evidenced from the contour plots shown in Fig. 6 . Force cluster plots (from which all values were extracted) are shown in Fig. 7 (for 3M) and Fig. 8 (for MGAM) . Each cluster is made of 60,000 data points. A description of the various cluster shapes is noteworthy here. Most clusters seem to have distinct core regions (where the concentration of individual data points is the greatest) surrounded by halo regions (where the concentration of data points become progressively sparse as one moves away from the core's center). For a given pressure, cluster shrinkage is noticed as velocities increase (this is true when either conditioning disc is used during polishing). As pressure is increased, clusters seem to become stretched in the longitudinal direction. In most cases, this stretching is asymmetrical (especially in the case of 3M) where the halo is expanded in one direction (toward the left-hand side) and is no longer encompassing the core. Rather, the halo region tends to make the cluster appear bimodal in nature as there is evidence of a secondary core forming within the asymmetrical halo. In the case of polishing runs with the MGAM disc, the abovementioned bimodality is more obvious as two distinct cores begin to form at high pressures each having their own somewhat asymmetric halo.
We are currently investigating the reasons for the distinct shapes of cluster plots reported in this study. Until our analysis is completed, what we can say at this point is that the cluster shapes do not seem to be random. In a recent study, Borucki et al. analyzed similar clusters obtained from polishing copper blanket wafers and discovered the existence of certain structures in the halo regions. 23 One the left-hand side of the clusters that he analyzed, a high shear force was paired with a low normal force while on the opposite side, a low shear force was paired with a high normal force (the same is more or less true in our case). Borucki et al. attributed the structures to the development of fluid dynamic forces in the pad-slurry-wafer interface which caused repetitive high-frequency changes in the attitude (i.e. altitude, pitch and bank) of a wafer being polished. Since both solid contact and fluid pressures contributed to normal force, while shear forces were solely governed by solid contact pressure, he deduced that slurry availability was one of the factors dictating the force cluster shapes in his work. In our case, we believe that the myriad shapes shown in Figs. 7 and 8 are also caused by the periodic development of high-frequency fluid pressure and suction events in the wafer-slurry-pad interface which are affected not by slurry availability (as in the case of Borucki et al.), but because of differences in pad micro-texture (and the slurry entrapped therein) caused by the two very different discs.
It is precisely because of such high-frequency dynamics (which here we loosely term as stick-slip events until more can be said about them), that mean COF (which is the average of the ratios of all 60,000 shear and normal force data pairs) reported in the Stribeck curves is not a suitable metric for studying differences in the tribological attributes of the process. Simply put, mean COF does not consider the nuances associated with stick-slip events, nor does it reflect any of the instantaneous changes in wafer attitude (i.e. altitude, pitch and bank). Indeed, as shown in Figs. 6 and 7, while we see a slight downward trend in mean COF as a function of pseudo-Sommerfeld number when either disc is used, a measure of the variance of shear force to the variance of normal force reflects the extent of stick-slip events which dictates the actual shape of the data clusters in each case. Here, the tribological mechanism is "boundary lubrication". As such, intimate contact among pad asperities, wafer surface and slurry abrasives, coupled with instantaneous changes in the attitude of the wafer are the main sources of shear force fluctuations. Moreover, we believe that the much taller and sharper pad asperities created by the 3M disc, coupled with operation in "boundary lubrication", increases 3-body stick-slip events thus resulting in higher values for for 3M. A fascinating commonality becomes evident in the evolution of the shape of all 24 data clusters as a function of the pseudo-Sommerfeld number such that, regardless of the type of conditioning disc used, all data points seem to loosely follow a universal curve. This systematic dependence of force variabilities on pseudo-Sommerfeld number has so far been overlooked by the CMP community although we have drawn attention to its existence in a recent publication having to do with tribological characterization of retaining rings in contact with various types of pad and slurry combinations.
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Removal rate results.-When it comes to reporting removal rates in CMP, it is best to express things graphically not as a function of P × V, but rather as a function of COF × P × V simply due to the fact that the latter relationship (if the data do not fall on a straight line going through the origin) will obviate departure from Prestonian behavior. 25 Fortunately, this does not seem to be the case in our study (Fig. 9) as results show that pads conditioned with either disc exhibit "straightline" trends in removal rate versus COF × P × V. For all velocity and pressure combinations tested, removal rates are higher when the 3M disc is used as compared to MGAM. This is due to the consistently higher mean COF values reported in Fig. 2 . In spite of the fact that the process with the 3M disc runs warmer (Fig. 3) , in all cases, the chemical action of the slurry is so pronounced and the apparent activation energy is so high (we estimated it to be around 1.25 eV), that mechanical effects seem to be grossly rate-limiting (the mechanical rate constant is estimated to be 6 orders of magnitude lower than chemical rate constant). While we could have just as easily simulated the observed removal rates for each disc using our time-proven and trusted modified two-step Langmuir-Hinshelwood model, 9, [26] [27] [28] [29] [30] in an effort to remain faithful to Occam's Razor (a.k.a. the Law of Parsimony) [31] [32] [33] where the simplest of competing theories ought to be preferred to the more complex ones, we decided to use the time-tested Preston's equation below to extract the mechanical rate constant, k, for each case:
In Eq. 1, k is a lumped rate constant incorporating the chemical and mechanical attributes of the slurry as well as the mechanical surface and bulk characteristics of the pad. Fig. 10 shows the straight-line fits to the removal rate data. The mechanical rate constant, k, is represented by the slope of the line in each case. Typically, in CMP, removal rates are presented in units of Å/min. For purposes of calculating the rate constant in Fig. 10 , the unit of removal rate is expressed in m/s to ensure that k ends up with a simple unit of 1/Pa. For polishes performed using the 3M and MGAM discs, the extracted k values are 2.837E-13 and 2.292E-13 1/Pa, respectively. Given the fact that the same slurry is used in both cases, the 24 percent boost in removal rates associated with the 3M disc is most likely due to the micro-textural attributes of the pad conditioned with the 3M disc noted earlier in Tables I and II . Fig. 11 shows that, for the 3M case, at a given sliding velocity, as pressure is increased, does indeed increase with removal rate. For MGAM, the direct relationship between and removal rate is pronounced only at lower velocities. At high velocities, there is considerable departure from linearity between and removal rate at the highest pressure tested. To the first order, this correlation makes sense since in CMP, material is removed as a result of 3-body contact events among the wafer, slurry nano-particles and pad asperities, and by the relative sliding action of the wafer, in the direction of shear. The fluctuations in shear force are due to numerous stick-slip events at high frequencies which combine to strip away the oxidized tungsten film bit by bit. On the other hand, fluctuations in normal force are caused by tiny vertical displacements in the collective carrier head, wafer, retaining ring, pad and platen assembly. Among other things, these fluctuations may be:
• Fluid pressure buildup in the pad-slurry-wafer interface, • Suction in the pad-slurry-wafer interface, • Gimballing action of the carrier head, or slight performance mismatches among myriad hydraulic pistons, gears and bearings, or, • Pressure control related; possibly due to the inherent feedback control mechanisms of the numerically controlled systems.
These events eluded to above would suggest that larger values of , and a greater anisotropy, ought to remove the oxidized tungsten faster, which is exactly what we observe in Fig. 11 .
Conclusions
This study investigated the effect of two conditioner types on the frictional, thermal, and kinetic aspects during tungsten chemical mechanical planarization (CMP). Compared to the CVD-coated disc, the conventional disc was aggressive due to its larger, sharper and deeper penetrating active diamonds. Prior to tungsten CMP runs at multiple combinations of pressures and velocities, mini-marathon style tungsten CMP runs were performed on each disc. To understand the effect of disc types on pad micro-texture, pad samples were extracted before and after mini-marathon polishing runs for confocal microscopy analyses. The aggressive nature of the conventional disc, in comparison to the CVD-coated disc, produced:
• Large pad fragments that were counted as taller "artificial" asperities, • More pore obscuration resulting from partially collapsed asperities, plastic deformation, and fragment generation, and, • Significantly greater mean summit height, sharper asperities, and higher contact density.
In contrast, the gentler conditioning action of the CVD-coated disc resulted in little to no observed changes in pad surface micro-texture after the mini-marathons. Consequentially, during the ensuing runs at multiple pressures and sliding velocities, the conventional disc led to higher values of:
• COF, • Mean pad surface temperature, • Directivity, (defined as the ratio of measured variances in shear force to those of normal force), and, • Removal Rate.
The higher values of produced by the conventional disc, coupled with the higher removal rates, hinted at the possibility of a likely correlation between the two metrics. Lastly, Preston's equation was used to extract the mechanical removal rate constant, k, for both discs as the mechanical effects of these particular processes were determined to be rate-limiting. The conventional disc resulted in a 24 percent higher removal rate constant as compared to the CVD-coated disc.
